We extended the applicability of the ecosystem model BIOME-BGC to floodplain ecosystems to study effects of hydrological changes on Quercus robur L. stands. The extended model assesses floodplain peculiarities, i.e., seasonal flooding and water infiltration from the groundwater table. Our interest was the tradeoff between (a) maintaining regional applicability with respect to available model input information, (b) incorporating the necessary mechanistic detail and (c) keeping the computational effort at an acceptable level. An evaluation based on observed transpiration, timber volume, soil carbon and soil nitrogen content showed that the extended model produced unbiased results. We also investigated the impact of hydrological changes on our oak stands as a result of the completion of an artificial canal network in 1971, which has stopped regular springtime flooding. A comparison of the 11 years before versus the 11 years after 1971 demonstrated that the hydrological changes affected mainly the annual variation across years in leaf area index (LAI) and soil carbon and nitrogen sequestration, leading to stagnation of carbon and nitrogen stocks, but to an increase in the variance across years. However, carbon sequestration to timber was unaffected and exhibited no significant change in cross-year variation. Finally, we investigated how drawdown of the water table, a general problem in the region, affects modeled ecosystem behavior. We found a further amplification of cross-year LAI fluctuations, but the variance in soil carbon and nitrogen stocks decreased. Volume increment was unaffected, suggesting a stabilization of the ecosystem two decades after implementation of water management measures.
Introduction
Sessile and pedunculate oak (Quercus petraea L. and Quercus robur L.) trees represent about 25% of the forested area between Vienna (48°07′ N, 16°34′ E), Bratislava (48°10′ N, 17°10′ E) and Brno (49°12′ N, 16°34′ E) (Schume 1993) . Many of these stands are located along the floodplains of the rivers Thaya/Dyje, March/Morava and Danube where hydrological limitations to tree growth are an exception and the abundance of water is common because of flooding or contact with a shallow groundwater table. In recent decades, large parts of the area were subjected to severe hydrological changes as a result of water management projects (e.g., drainage, river bed regulations) or extensive groundwater use to meet increasing agricultural demands (Schume 1992, Èermák and .
Such changes in soil hydrology can be investigated with theoretical models (Mualem 1986 ) that integrate the main soil hydrological processes and incorporate a mechanistic description of soil water runoff, conductivity, retention and infiltration from or outflow to deeper soil layers (e.g., Federer and Lash 1978, van Genuchten et al. 1991 ). An important constraint in applying such models is the lack of detailed treatments of the ecophysiological processes. Alternatively, biogeochemical ecosystem models (BGC models) may be used. These integrate the mechanistic description of relevant ecosystem processes and, if necessary, their soil hydrology components may be enhanced.
For three reasons, we chose the ecosystem model BIOME-BGC (Thornton 1998 ) for this study. First, BIOME-BGC incorporates a good description of ecophysiological processes. Second, the model has been adapted, tested and validated for Central European conditions (Pietsch and Hasenauer 2002) . Third, an enhanced soil hydrology routine in the model should allow assessment of variations in carbon and nitrogen sequestration resulting from changes in soil water regime. We investigated the impact of severe hydrological changes following the completion of an artificial canal network in 1971 on a Q. robur stand within the floodplains of the Thaya/Dyje river in the Czech Republic. The cessation of yearly springtime flooding has led to decreased water and nutrient input into the forest floor. Additionally, a reduction in the water table has been observed (Èermák et al. 1982, Klimo and Prax 1985) . We were particularly interested in how the cessation of flooding, as a result of these changes, affected the carbon and nutrient balance, and the long-term effect of these changes when further drawdown of the water table inhibits plant groundwater access.
The objectives of this study were (1) to extend the applicability of BIOME-BGC to floodplain ecosystems by introduc-ing two important floodplain peculiarities, namely seasonal flooding and access to groundwater; (2) to test the hydrological extensions by (a) analyzing the sensitivity of model predictions on rooting depth and (b) assessing the accuracy of daily model predictions versus observations between 1972-1974, 1978-1979 and 1982; (3) to assess the ecosystem responses following the cessation of regular springtime flooding in 1971; and (4) to investigate the impact of drawdown of the water table on ecosystem behavior when the compensation of climatic water deficits, evident in years with low annual precipitation, cannot be compensated for by access to groundwater.
Materials and methods

Site description
Data for this study were obtained from a forest stand in southern Moravia at the northeastern edge of the Viennese Basin. Flooding became important in this area after deforestation of sub-mountainous regions in the 10th and 11th centuries (Vicherek and Collective 2000) . The formerly rugged terrain was filled with a deep layer of alluvial sediment while the increasing severity of flooding caused the floodplain to become uninhabitable over the course of the 11th and 12th centuries (Vicherek and Collective 2000) . Human influence returned after frequent wars, and the study area soon became part of the Liechtenstein estate. The period from the late 14th to the 19th centuries was characterized by repeated clear-cuts at intervals of about 20 years. At the end of the 19th century, forest practices changed from coppice to high forest (Vicherek and Collective 2000, Klimo 2001 ).
The experimental plot for this study is located at 48°48′22″ N and 16°46′32″ E within the alluvium of the Thaya/Dyje river. Site elevation is 161 m with no particular slope or aspect. Bedrock material for soil formation is sediment layers and can be classified as alluvial semigley (Èermák et al. 2001) . Vyskot (1976) found intense rooting in the top 0.5 m of the soil, poor but significant rooting down to 1.15 m and occasional rooting to 1.5 m. For model simulations, we assumed a mean rooting depth of 0.75 m. The current forest stand was planted in 1880 and human impact was minor until 1971. The completion of an artificial canal network in 1971 caused complete cessation of springtime flooding.
Climate data
The study region is relatively warm and dry, with a mean annual temperature of 9.5°C and a mean annual precipitation of 485 mm for the period 1961-1999. Meteorological records of daily minimum and maximum temperatures and daily precipitation needed for running BIOME-BGC came from a permanent climate station at Lednice, located about 2 km south of the experimental plot. Missing daily short wave radiation and vapor pressure deficit data were calculated with MTCLIM Version 4.3, a microclimate simulation model recently adapted for Central European conditions . Table 1 gives the available climate data and the observed transpiration rates for the growing season (May-October) for the 6 years between 1961 and 1999.
Field measurements
Stand transpiration data for the study were determined from tree sap flow measurements made by the heat balance method (Èermák et al. 1973 (Èermák et al. , 1982 (Èermák et al. , Kuèera et al. 1977 . Measurements were made on six trees from May 1 to October 31 in 1972-1974, 1978-1979 and 1982 . Because variation in sap flow rates among individual trees depends on tree size, sap flow data were scaled to the stand level according to tree diameter as described by Èermák et al. (1982) . Stand transpiration totals for each growing season are given in Table 1.   736 PIETSCH, HASENAUER, KUÈERA AND ÈERMÁK TREE PHYSIOLOGY VOLUME 23, 2003 Table 1 . Climatological summaries over 6 years with observed transpiration data, means for each growing season (May 1 to October 31) and the means for 1961-1999. Additionally, the observed transpiration totals for the six growing seasons are given. Years with an obvious climatic water deficit are marked with an asterisk. Abbreviations: T max , T min = mean near surface maximum and minimum temperature, respectively; VPD = mean daily vapor pressure deficit; S rad = mean daily flux of incident short wave radiation; and P rcp = total annual precipitation. (Penka et al. 1991) .
The model
We used the model BIOME-BGC (Thornton 1998), Version 4.1.1. The model operates on a daily time basis and simulates the cycling of energy, water, carbon and nitrogen within a given ecosystem. Leaf area index (LAI) controls canopy radiation absorption, water interception, photosynthesis and litter inputs to detrital pools. Net primary production (NPP) is based on gross primary production (GPP) calculated with the Farquhar photosynthesis routine (Farquhar et al. 1980 ) minus autotrophic respiration. Autotrophic respiration includes maintenance respiration, calculated as a function of tissue nitrogen concentration (Ryan 1991) and growth respiration, which is a function of the amount of carbon allocated to the different plant compartments (leaf, root and stem). Net primary production is partitioned into leaves, roots and stems as a function of dynamic allocation patterns, considering eventual limitations due to availability of and competition for nitrogen. The model requires meteorological input data, such as daily minimum and maximum temperatures, incident solar radiation, vapor pressure deficit and precipitation. Aspect, elevation, nitrogen deposition and fixation, and physical soil properties are needed to calculate: daily canopy interception, evaporation and transpiration; soil evaporation, outflow, water potential and water content; LAI; stomatal conductance and assimilation of sunlight and shaded canopy fractions; growth and maintenance respiration; GPP and NPP; allocation; litter-fall and decomposition; mineralization, denitrification, leaching and volatile nitrogen losses. For further details concerning the theory, validation and application examples of BIOME-BGC and its predecessor, FOREST-BGC, refer to Running and Coughlan (1988) , Running and Gower (1991) , Running and Hunt (1993) , Thornton (1998) and White et al. (2000) . For this study, a tree species-specific model adaptation similar to that employed by Pietsch and Hasenauer (2002) for the Q. robur-Q. petraea aggregate was used. The values of model parameters are given in Table 2 .
Model changes
In the current version of BIOME-BGC (Thornton 1998) , precipitation is the only source of ecosystem water input. This prevents direct application of the model to wetland ecosystems like marshes or floodplains. To circumvent this limitation, we extended the model algorithm with two new features, the emergence of flooding incidents and the possibility of water infiltration from the groundwater table. The notation with names, units and descriptions is summarized in Table 3 .
Flooding Flooding incidents were assessed by adding the difference between actual soil water content and soil water content at saturation to the soil water pool. The magnitude of floodwater influx into the soil ( f w,in ) per day is given by:
where s w,sat and s w,act are soil water content at saturation and daily actual soil water content, respectively. In addition, the amount of floodwater entering the rooting zone per day determines the extra nitrogen deposition in response to flooding (N Dep,floodw ) and can be defined as:
where N Conc,floodw is nitrogen concentration of flood water and f w,in is amount of floodwater entering the rooting zone per day. Soil water outflow was disabled during periods of flooding.
Groundwater Infiltration of groundwater was calculated based on the deviation of soil water potential from water potential at field capacity, which equals the amount of energy available for water ascent. Soil water potential consists of two forces that counteract soil groundwater movement. The first, gravitation, acts downward, and the second, soil matric potential given by the deviation from the matric potential at field capacity, is directed upward when soil water content is below field capacity or otherwise equals zero. The sum of gravitation plus soil matric potential drives the infiltration of water from the groundwater table into the rooting zone, such that the amount of water taken up per day depends on soil hydraulic conductivity. The calculation starts from the deviation of water potential from field capacity (∆Ψ) given by:
where µ fc is the chemical potential of soil water at field capacity, µ act is the chemical potential of soil water at the actual water content and V w is the partial molal volume of water which is always close to 1.8 × 10 -5 m 3 mol -1 . Because water has no net charge, the electrical term of the chemical potential can be removed, thus leaving µ fc and µ act as:
molar mass of water, g is gravitational acceleration, and h 1 and h 2 are the potential height of soil water, as explained in Equation 8.
Soil matric potential is calculated from soil texture data based on an equation fitted by Brooks and Corey (1964) and simplified by Clapp and Hornberger (1978) : 738 PIETSCH, HASENAUER, KUÈERA AND ÈERMÁK TREE PHYSIOLOGY VOLUME 23, 2003 
where Θ act and Θ sat are volumetric water content at actual and saturation soil water contents, respectively, and b is the slope of the retention curve (see Cosby et al. 1984) . By substituting Equations 4 and 5 into Equation 3 the reference potential and the hydrostatic pressure terms drop out, thereby explicitly excluding differences in hydrostatic pressure as a possible cause of water ascent. This leaves Equation 3 in the form:
Because mass equals density times volume, the partial molal volume cancels out and Equation 7 can be rewritten as:
where ρ w is density of soil water, set to 1000 kg m -3 as an approximation over the possible temperature range of soil water (1000 at 4°C and less then 0.5% deviation between -30 and +30 °C).
To calculate the gravitational force, we need to define the difference in potential soil water height. The potential height defines the increase in potential energy concomitant with vertical water ascent occurring when soil water content is below field capacity. The calculation is based on the deviation of actual soil water content from soil water content at field capacity. Soil water mass is converted to soil water volume using the approximation for ρ w given above, which changes the units from kg m -2 to m 3 m -2 or simply m. The division of this number by the porosity at field capacity, which equals the difference between total and effective porosity, then gives the potential height of soil water. Formally h 1 -h 2 is then defined by:
where s w,fc is soil water content at field capacity (m), and Θ fc is volumetric water content at field capacity, which equals the non-drainable porosity. The actual amount of groundwater (g w,in ) entering the rooting zone per unit time is then given by:
where ∆Ψ indicates the overall force acting on the groundwater as defined in Equations 8 and 9 and K is the soil hydraulic Hydraulic conductivity coefficient conductivity coefficient, calculated from soil texture and actual soil water content according to Saxton et al. (1986) : 
where %s and %c are the percentages of sand and clay, respectively, and a 0 -a 5 are the coefficients from multiple nonlinear regression techniques (see Saxton et al. 1986 ).
To implement the BIOME-BGC model, we therefore added two water flux variables, one for floodwater flux ( f w,in ) and one for groundwater flux (g w,in ), into the soil water pool and one nitrogen flux variable (N Dep,fw ) to account for flood-induced deposition influx to the soil mineral nitrogen pool.
Simulation procedure
In any ecosystem simulation model, the initial values of state variables are crucial (Ruelle 1978) . For some forests stands, they may be available from field observations, but often they are not. To circumvent this limitation, self-initialization procedures have been developed (e.g., for BIOME-BBC model: Thornton 1998 for LPJ model: Sitch 2000) . Within this self-initialization process, the accumulation of soil and vegetation carbon and nitrogen pools are simulated repeatedly using the available climate records until a steady state is reached. Starting with a leaf carbon pool of 0.001 kg m -2 , the self-initialization procedure for our study site was completed after 1287 years, when soil carbon content (i.e., the last among the carbon pools to reach a steady state) differed by no more then 0.5 g m -2 between successive simulation cycles of 39 years.
Next, we corrected the results of the self-initialization procedure for possible degradation attributable to forest management. It has been demonstrated that this step is important for the accuracy of the modeled carbon and nitrogen sequestration in Central European forests (Pietsch and Hasenauer 2002) . According to the reported stand history, we simulated 25 successive rotation periods of 20 years, to account for coppice management since the late 14th century until 1880 when the current high forest was established. At the end of each rotation period, clear-cutting was applied and 94% of aboveground woody biomass was removed. Six percent of the aboveground woody biomass representing the twig fraction (Glück 1996) , the leaf litter and belowground woody biomass were assumed to remain in the forest after clear-cutting. Successive planting was assumed by setting the starting value for leaf carbon to 10 g m -2 and for stem carbon to 25 g m -2 . For the simulations prior to 1880, we used preindustrial CO 2 concentrations (IPCC WGI 1996) and nitrogen deposition values (Ulrich and Williot 1993) .
The following high forest simulation from 1880 to 1960 resulted in the initial values for the year 1961 when meteorological records started. In the simulation procedure, we gradually increased the CO 2 concentration from 291 ppm in 1880 to 369 ppm in 1999 (IPCC WGI 1996) . For the same time period, we assumed a nitrogen deposition increase from preindustrial values of 0.45 g m -2 year -1 (Ulrich and Williot 1993) to 2.12 g m -2 year -1 (Puxbaum and Gregori 1998) . Nitrogen concentration of floodwater was set to 6 mg kg -1 (Statistik Austria 2001), which led to flood-induced nitrogen deposition, depending on the amount of floodwater that entered the rooting zone.
For all our simulations (self-initialization procedure, coppice and high forest simulations) up to 1971, regular flooding was assumed to occur during the last 10 days of May, when snowmelt water from higher elevations reached the study area. Groundwater access was assumed to last from May 22 until the end of August. For the period 1972-1982, after the cessation of flooding, groundwater access was included only during 1973 and 1978, when high climatic water deficits (Table 1) indicated that there must have been an additional water source for the observed transpiration rates to have been maintained. Between 1983 and 1999, no groundwater access was assumed. The meteorological records available since 1961 (39 years) were used repeatedly for simulating the self-initialization process and for simulating the effects of historical land use and growth of the current oak stand.
Sensitivity analyses
Sensitivity analysis of the extended model and model parameterization with respect to rooting depth was conducted for the high forest simulation from 1880 to 1979 for rooting depths of 0.25, 0.5, 0.75, 1.0, 1.25 and 1.5 m.
Results
The coppice management system with a 20-year rotation period resulted in a decline of both above-and belowground carbon stocks during the 15th to 19th centuries. Volume growth decreased by more than 40%, whereas soil and litter carbon together with nitrogen fell by 50% (see Figure 1) . In 1880, forest management was changed from coppice to high forest. This increased annual maximum LAI from about 4.5 to 6 in 1961 (Figure 1 ). Since 1961, observed daily weather data (total of 39 years) were available and used in this study. Note that before 1961, we used our meteorological record not only to initialize BIOME-BGC, but also to assess land-use history, because it may have affected the carbon and nitrogen pools within our oak stand (see Pietsch and Hasenauer (2002) for details about the importance of this procedure).
First, we justified our model initialization by comparing predicted versus observed stand volume, soil carbon and nitrogen content in 1979. Simulated tree volume was almost identical with observed volume, whereas simulated soil carbon and soil nitrogen content were underestimated by 9.5 and 6%, respectively (Table 4 ). The results suggest that our model initialization based on an assumed mean rooting depth of 0.75 m and the effect of land use history since the 14th century was acceptable, because the differences between simulated and observed values were small.
Rooting depth strongly affects access to water, and thus potential stand transpiration and carbon uptake. According to Vyskot (1976) , the rooting depth of our experimental plot varied between 0.5 and 1.15 m. Therefore, we tested the sensitivity of our model settings to the rooting depths of 0.25, 0.50, 0.75, 1.00, 1.25 and 1.50 m. No effects were evident for rooting depths > 0.5 m (see Table 4 ).
Next, we assessed the accuracy of our hydrological model. Table 5 gives the results for predicted versus observed stand transpiration during the growing seasons of 1972-1974, 1978-1979 and 1982 . In the years 1973 and 1978, stand transpiration exceeded precipitation input (Table 1) , suggesting groundwater as an additional water source. To assess the impact of groundwater on the resulting predictions in years with climatic water deficits including the following year, we ran the model with two water regime scenarios: with groundwater access in 1973-1974 and without groundwater access in 1978-1979 . An example of the simulation results is given in Figures 2 and 3 for 1978 and 1979 .
In 1978 (see Figure 2 ), a year with low precipitation and a high climatic water deficit, the simulation results with groundwater access exhibited up to 4 mm day -1 groundwater infiltration, which compensated for precipitation deficits. The predicted transpiration rates matched the observed values across the entire growing season (Figure 2) , and predicted annual maximum LAI reached 5.8. The simulations without groundwater access resulted in a collapse of predicted stand transpiration by the end of June 1978 (Figure 2 ). This was consistent with a decrease in predicted soil water content to very low values, leading to stomatal closure over a large part of the growing season, and to lower carbon storage by the end of the year. The assumption that there was no groundwater access in 1978 strongly affected the early seasonal transfer growth in 1979 (see Figure 3) , particularly the development of LAI. Neither regression statistics (Table 5 ) nor the residual analysis (data not shown) provided any information about the consistency of future model predictions. Therefore, we performed error analyses for the 6 years with available transpiration observations by calculating the paired t-statistics and the confidence and prediction intervals of model predictions according to Reynolds (1984) (Table 5) Table 5 ), the error analysis exhibited significant differences between predicted and observed values if potential groundwater access was ignored in 1973 (Table 5) . Similar results are evident for 1979 when potential groundwater access in 1978 was ignored (Table 5 , Figure 3 ).
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TREE PHYSIOLOGY VOLUME 23, 2003 Table 5 . Statistical summary of predicted versus observed daily stand transpiration (mm day -1 ) for the years 1972-74, 1978-79 and 1982 . Italic entries refer to simulations without groundwater access (no gw) in the years 1973 and 1978. Columns show regression results, mean of observations (obs), mean of differences between predictions and observations (D i ), standard deviation of the differences (SD i D ), calculated t-value from paired statistics (α = 0.05, df = 183, t tab = 1.97) and confidence interval (CI) (α = 0.05) for the errors in model predictions (see Reynolds 1984) . Additionally the overall confidence interval (78) (79) 82 ) for the unbiased years (all except italic entries) and the prediction interval (PI) for the oak stand are given. Asterisks mark significant differences between observed and predicted daily transpiration. All data (except t) are given in units of mm day -1 . In 1971, the artificial channel network was completed. This resulted in a severe change in the hydrology of the region. Therefore, we compared the period prior to the cessation of flooding (1961) (1962) (1963) (1964) (1965) (1966) (1967) (1968) (1969) (1970) (1971) with the period 1972-1982. Annual fluctuation in LAI increased after the cessation of flooding (see Figure 1) , whereas soil carbon and nitrogen contents, which had previously increased continuously, remained constant after 1972 (Table 5 ). Although we expected that this stagnation would reduce annual variations of soil carbon and nitrogen stocks, our results suggest that the variances across years were significantly higher after 1972 (α = 0.05; f tab = 3.18 < f Soil C = 9.03, f Soil N = 9.43). A similar but not significant increase in variance was evident for litter carbon and nitrogen stocks. No change in carbon sequestration to timber was found, indicating that the cessation of flooding did not immediately reduce stand volume increment.
In our study region along the rivers Thaya/Dyje and March/ Morava, the mean annual groundwater table depth fell by about 0.5 m per decade since 1970 (Schume 1992 (Schume , Èermák et al. 2001 ). Therefore we simulated a scenario without groundwater access for the period 1983-1999 to study the theoretical effects of drawdown of the water table on the individual ecosystem components. Within this period, annual precipitation totals indicated massive climatic water deficits for the year 1983 and for the 3-year period from 1989 to 1991. In 1983, the low annual precipitation of 396 mm had no effect, because in 1982, the low transpirational water consumption together with the high growing season precipitation (see Table 1 ) resulted in high soil water storage available for use in 1983. The period 1989-1991 differed from 1983 because the 3 years exhibited precipitation water inputs of 387, 443 and 390 mm, shortfalls of 20, 11 and 19% relative to the 1961-1999 mean (see Table 1 ). This long-lasting sequence of climatic water deficits (1989) (1990) (1991) reduced modeled annual maximum LAI to a minimum of 4.5 in 1991.
In the following years (1992) (1993) (1994) , when mean precipitation and precipitation rate were above the mean (1995) (1996) (1997) (1998) (1999) , modeled annual maximum LAI increased to 7.3 in 1999. Considering the whole period from 1983 to 1999 leads to a prediction of LAI recovering to 6.0 ± 0.7 (mean ± sd). Similar patterns are evident for predicted annual stem carbon increment with growth rates of 0.78 and 0. but the variance across years of soil carbon and nitrogen was significantly less (α = 0.05; f tab = 2.49 < f Soil C = 3.43, f Soil N = 12.46), compared to the period immediately after the hydrological changes (Table 6 ).
Discussion
We extended the applicability of BIOME-BCG, a biogeochemical ecosystem model, to floodplain forest ecosystems by introducing two new model features: (i) flooding and (ii) groundwater infiltration. The simulation of flooding incidents is straightforward. On the first day of flooding, soil water content is replenished to saturation by the floodwater. We assume that the amount of floodwater entering the rooting zone per day equals the deviation from saturated soil water content as a result of evapotranspirational consumption. This approach is independent of above-surface water levels, but relies on the duration of flooding incidents. Such data can be obtained easily. The simulation of groundwater follows three guiding principles. First, calculations must be independent of field observations like soil water retention and hydraulic conductivity to ensure the regional applicability of the model. Therefore, we used statistical relationships of soil texture versus (a) the slope of the retention curve (Clapp and Hornberger 1978) and (b) hydraulic conductivity (Saxton et al. 1986 ). This is important because retention and conductivity data may be available for a single site, but they are difficult to obtain on a regional level.
Second, computationally intensive approximation procedures necessary for dynamic solutions to Richard's (1931) equation (Baer 1972 , van Genuchten et al. 1980 , Ross 1990 were avoided. Here we chose a non-dynamic statistical relationship between soil texture and soil hydraulic conductivity (see step 1).
Third, a solution must be independent of the water table depth, because for larger regions, this information may be difficult to obtain. In this study, we showed that the water table can be set equal to the depth of the rooting zone within a defined period of groundwater infiltration.
According to these simplifications, the only information required was soil texture and availability of groundwater at a certain site and time. If the depth or changes in the depth of the water table are known, the difference between the depth of the rooting zone and the depth of the water table is added to the potential soil water height (see Equation 9 ). When the groundwater table is below the rooting depth, the potential energy that has to be compensated for by ascending groundwater is increased. This results in a smaller water influx in the rooting zone because of the same upward acting force; i.e., the deviation of the soil matric potential from field capacity.
Where the groundwater table is above the rooting zone, the opposite takes place and less upward acting force is needed to compensate for the decreased potential height. This gives a higher total force ∆Ψ and increases the water influx (see Equations 8-10). Our approach allows us to model flooding incidents and considers flooding deposition. It also allows different degrees of detail according to the availability of: (1) daily groundwater table data or (2) the duration of groundwater access.
The results of the sensitivity analysis suggest that the model predictions are consistent within a wide range of different rooting depths, and hence also of groundwater levels (Table 4). An underestimation was evident only on sites with a rooting depth < 0.5 m. This is important because we are less dependent on field data for regional model applications.
The error analysis demonstrated that our extended model of the water cycle produced unbiased and consistent predictions. No significant differences in predicted versus observed stand transpiration by year were detectable (Table 5) , and the results for our site can be interpreted as follows. With a probability of 95%, there was no bias in the stand transpiration predictions because the mean of the differences ranged between -0.03 and +0.03 mm day -1 . With a probability of 95%, the errors in future stand transpiration predictions will be between -0.87 and +0.86 mm day -1 . Ignoring the effect of groundwater access in years with a climatic water deficit (1973 and 1978) resulted in significant differences, and thus biased results in stand transpiration (see Table 5 ) within these years, and also in the following years (1974 and 1979) . This directly affects photosynthetic carbon gain, limits the development of leaf area (see Figures 2 and 3) , reduces the carbon storage for the next year's growth and may increase the risk of stand decline if the climate is unfavorable in consecutive years.
The reduced water input into the ecosystem after cessation of flooding in 1971 increased the dependency of sites on precipitation input (Èermák et al. 2001 ). This has led to lower mean soil water content in climatically less favorable years, and hence, to a lower average hydraulic conductivity (see Equations 10 and 11). This was recently identified as an important limiting factor for plant water supply within the study area .
Our study suggests that some ecosystem components, like soil carbon and soil nitrogen sequestration, may respond to hydrological changes with stagnation, whereas other ecosystem 744 PIETSCH, HASENAUER, KUÈERA AND ÈERMÁK TREE PHYSIOLOGY VOLUME 23, 2003 Table 6 . Comparison of soil carbon (C) and nitrogen (N) and stem C 11 years before and after the cessation of springtime flooding. Means (x) and standard deviations (sd) of the annual maximums for the two 11-year periods are provided. components, such as LAI and stem carbon increment, exhibit different behaviors (see Figure 1 , Table 6 ). For example, in years with limited water supply, annual maximum LAI is reduced. As a result of reduced LAI, canopy conductance will be reduced, but also more precipitation will reach the ground because of lower water interception in the crown. This may result in higher carbon storage for transfer growth in the following year.
